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and 30°C and was independent of the presence of the ligand a-pp (14) . Thus, the binding-release cycle of DnaK appears not to be stoichiometrically coupled with the hydrolysis of ATP. In the presence of ATP, the binding-release cycle is at least 830 times faster than ATP hydrolysis. Furthermore, nonhydrolyzable ATP analogs also accelerate both binding and dissociation, although less effectively than ATP by one order of magnitude. The following observations suggest that the rate-limiting step for ATP hydrolysis is the release of ADP and inorganic phosphate (Pt) rather than ATP cleavage. The effect of ATP is evident after a delay of only 0.5 s (Fig. 3 ) although the overall ATPase activity is much slower.
However, the effect does not appear to be due to the mere binding of ATP because it is clearly different from the effect of its nonhydrolyzable analogs. In the presence of ATP (Fig. 4) , most DnaK molecules may thus be assumed to contain a phosphate group perhaps covalently attached to Thr199 , which has been shown to be phosphorylated during incubation of DnaK with ATP in vitro (15) .
What is the physiological significance of the very weak ATPase activity of DnaK if it is not stoichiometrically coupled to the bindingrelease cycle? This study shows that ATP and its turnover control the kinetics of the chaperone action. The binding-release cycle is much faster in the presence of ATP-that is, under physiological conditions-than was previously thought and it occurs in the same time range as polypeptide chain elongation and folding. Tuning of the rates of ATP cleavage and release of ADP and Pi by the accessory Hsp's DnaJ and GrpE of E. coli (16) might thus shift the proportions of the three functional states of DnaK (Fig. 4) and adapt the kinetics of its chaperone action to the changing requirements of protein biogenesis.
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Activation of the NMDA glutamate receptor on neurons in the vertebrate central nervous system is important for excitatory synaptic transmission (1, 2) , developmental and synaptic plasticity (2, 3) , and neurotoxicity (4) and can lead to the production of the membrane-permeant gas NO (5) . Production of Activation of the NMDA glutamate receptor on neurons in the vertebrate central nervous system is important for excitatory synaptic transmission (1, 2) , developmental and synaptic plasticity (2, 3) , and neurotoxicity (4) and can lead to the production of the membrane-permeant gas NO (5 in the brain, also may play a role in this plasticity (9, 10) ]. However, the mechanisms underlying these actions remain to be elucidated.
In the cerebral cortex, the role of NO in synaptic transmission and plasticity is murkier. Nitric oxide and other potential neuromodulators such as norepinephrine (11) are likely to be important in both transient (12) and more long-lasting (9, 13) alterations in functional forebrain circuitry. NO may contribute to neurotoxicity (6), possibly by means of the formation of peroxynitrite (ONOO) from NO and the superoxide ion (7) . Further, NO may participate in synaptic plasticity at glutamatergic synapses in the hippocampus (8) [carbon monoxide (CO) , another membrane-permeant gas made in the brain, also may play a role in this plasticity (9, 10) ]. However, the mechanisms underlying these actions remain to be elucidated.
In the cerebral cortex, the role of NO in synaptic transmission and plasticity is murkier. Nitric oxide and other potential neuromodulators such as norepinephrine (11) are likely to be important in both transient (12) and more long-lasting (9, 13) alterations in functional forebrain circuitry. Pharmacologi-cal blockade of the synthetic enzyme for NO, NO synthase (NOS) (14) , suggests that NO produced in the cortex influences both general cerebrovascular tone and local coupling of neural activity to blood flow changes (15) . Because NO is a nonpolar membrane-permeant gas, it could influence synapses throughout a local, diffusion-defined domain in the brain (9, 13) . This could effectively couple neural activity in a local volume of cerebral cortex, operating beyond the boundaries of conventional anatomically defined synapses.
To evaluate whether excitatory synaptic transmission at NMDA receptors is linked to the release of other neurotransmitters such as norepinephrine or subsequent glutamate release through NO production, we used a synaptosomal preparation from guinea pig cerebral cortex. We measured the effect of NMDA on the release of tritiated norepinephrine ([3H]NE) and endogenous L-glutamate (L-Glu) (16) ; NMDA caused a dosedependent release of both of these neurotransmitters (Fig. 1, A (Fig. 1, A and B, arrows) . The half-maximal effective inhibition constant (IC50) for D-APV was < 1 FM for the NMDA receptor-mediated release of both L-Glu and [3H]NE. Depolarization of the synaptosomes with elevated KCl (50 mM) resulted in a modest release of both neurotransmitters, which was also dependent on extrasynaptosomal calcium (Fig. 1, C and D) . For both L-Glu and [3H]NE, the K+-induced depolarization caused 4 to 6% of the available neurotransmitter to be released (16, 17) , and this release was independent of D-APV concentration (Fig. 1, C and D) . With 100 LM NMDA as the stimulus, 21 + 3% of the [3H]NE and 35 + 4% of the available L-Glu was released (18). Taken together, these observations suggest that specific activation of the NMDA receptor and subsequent Ca2+ fluxes are required for the release of both L-Glu and norepinephrine.
The NOS inhibitors N-nitro-L-arginine (L-NOARG) and N-monomethyl-L-arginine (L-NMMA) blocked the NMDA-mediated release of both neurotransmitters in a dosedependent fashion (Fig. 2) . A similar effect was obtained with 7-nitro-indazole (7-NI), a selective inhibitor of brain NOS (19) . The effect was stereospecific, with the inactive optical isomers having no effect (Fig. 2) (Fig. 2, C and D) . The stereospecificity of the block and the reversibility of the weaker inhibitor suggest that the inhibitors do not act by a nonspecific removal of the ability of the synaptosomes to release transmitter. Rather, they act by a specific blockade of NOS. This point is further supported by the observation that K+-induced release of neurotransmitter was unaffected by the presence of the blockers (Fig. 2) . Thus, activation of the NMDA receptor alone is not sufficient to mediate neurotransmitter release, but release also requires NOS activity. These results do not distinguish between intrasynaptosomal NO action and the need for an extrasynaptosomal signal that depends on NO production and travels between distinct synaptosomal elements. We addressed these alternative possibilities by incubating the synaptosomes with hemoglobin (Hgb), a molecule that remains outside the synaptosomes and chelates NO (21) . While Hgb strongly chelates NO, it may also-react with superoxide anion or peroxynitrite. It prevented NMDA-mediated release of L-Glu and
[3H]NE (Fig. 2, A and B) . The IC50 for block of the NMDA-mediated release of neurotransmitters by Hgb was 0.2 LM for both L-Glu and [3H]NE release. Because Hgb remains outside the synaptosomes, either synaptosomes must cooperate in the production of a threshold concentration of NO sufficient for neurotransmitter release or only a subset of the synaptosomes make the NO, which then mediates release from the surrounding synap- 
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tosomes. This latter possibility would be consistent with the reported localization of NOS primarily in the cell bodies of smooth inhibitory neurons that contain y-aminobutyric acid (GABA) and somatostatin (21) . These cells are a small fraction of the neurons in the cerebral cortex, although there is considerable NOS activity in the neuropil of the cortex (22) . In the presence of Hgb, NO made by these synaptosomes permits this subset of synaptosomes to release their neurotransmitters (GABA and somatostatin), but our assays would not have detected these substances.
To directly evaluate the NMDA receptor-mediated production of NO in the cerebral cortex, we used a biological assay of NO production (Fig. 3) . This assay tests whether cortical NOS activation produces NO that travels outside the synaptosomes. Rodent aortic rings, smooth muscle with endothelial cells removed, were exposed to the effluent from synaptosomes in a closed system (23) . Vasculature prepared in this way changed its tension in response to various vasoactive compounds and relaxed in the presence of NO (24). The rings were physically separated from the synaptosomes and were connected to sensitive force transducers that measure tension (23) . Application of 100 FM NMDA to the synaptosomes caused a reduction in tension in the aortic rings (Fig. 3, A and C) , indicating the production of a vasorelaxing compound. This same stimulus caused the release of both [3H]NE and L-Glu (Figs. 1 and   2 ). When NOS was blocked by 10 LM L-NOARG (which abolishes the NMDAmediated release of transmitter), the same 100 FIM NMDA stimulus caused no change in ring tension (Fig. 3B) . Similarly, the presence of 5 FiM Hgb abolished the relaxation subsequent to stimulation with 100 FiM NMDA (Fig. 3D) . Direct application of 100 FiM NMDA applied to the aortic rings in the absence of the synaptosomes caused no change in tension (Fig. 3E) . To rule out a direct effect of the released neurotransmitters on ring tension, we also applied L-Glu and [3H]NE directly to the isolated aortic rings in quantities computed from the release data (25) (Fig. 3) . This manipulation also caused no change in ring tension. Acetylcholine ( 3); and (iv) agents that block NO production or chelate NO in the extrasynaptosomal space prevent the NMDA-mediated vasodilatory response in aortic rings (Figs. 2 and 3 ). In the hippocampus, the conjunction of NO or CO and presynaptic activity is sufficient to induce a long-term enhancement in synaptic transmission (9, 10) . To assess the role of NO in release of neurotransmitter in the cerebral cortex, we added NO directly to the synaptosomes in the presence and absence of NOS blockade by 10 FM L-NOARG (27). For both L-Glu and
[3H]NE, NO alone had no effect on the baseline neurotransmitter release (Fig. 4) . Moreover, a variety of NO generating compounds-including diethylamine-NO (DEA-NO), (+S) -nitroso-N-acetylpenicillamine (SNAP), and ruthenium nitrosyl chloride [Ru(NO)CI31, which releases caged NO when activated by nearultraviolet light (28)-did not cause release of either neurotransmitter. However, when applied directly to the aortic rings, these same compounds caused a reduction in tension (Fig. 3F) . Thus, some other event triggered by NMDA receptor activation, in addition to NO production, may be required for neurotransmitter release.
Our data demonstrate that glutamatergic synaptic transmission at the NMDA receptor in the cerebral cortex can further enhance subsequent L-Glu release at neighboring synapses and can communicate with catecholamine systems through a signal that moves between cells in neural tissue. This signal requires the production of NO and its extrasynaptic diffusion; however, it does not preclude a role for other diffusible compounds for which synthesis or activation first requires NMDA receptor activation and the production of NO. The neurotransmitter release may actually result from production of other chemical species, such as superoxide and peroxynitrite, subsequent to the initial NO production and movement into extracellular space (7, 29, 31) . The observation that NMDA receptor activation, but not exogenous NO application alone, was sufficient to mediate L-Glu and [3H]NE release in the synaptosome preparation suggests that the binding of ligand to the NMDA receptor mediates several interactive processes.
One possibility is that an NMDA receptor-mediated NO signal (from post-or presynaptic elements, or both) and a calcium signal mediated by presynaptic NMDA receptors (30) provide the required conjunction to induce neurotransmitter release. However, in experiments where NOS blockade was induced with L-NOARG and NMDA receptor activation was combined with concomitant exogenous NO application, neither L-Glu nor [3H]NE were released. In control experiments on synaptosomes with intact NOS simultaneous, application of exogenous NO (either as NO gas or through the application of SNAP) reduced the NMDA-mediated neurotransmitter release significantly in accord with previous reports that NO inhibits the NMDA receptor (31). While the evidence presented suggests that nitrogen oxide metabolism facilitates neurotransmitter release and effectively couples chemical pathways in cerebral cortex, the exact species of NO (either redox state or chemical compound) that manifests the effects remains unknown. Neurochem. 52, 521 (1989) (11 Ci/mmol) for 10 min at 37°C in Hepes-buffered saline. Then, 1 ml of synaptosome suspension was placed on filters (Whatman glassmicrofiber filters; 0.7-pm pore size) in 10 parallel wells over a vacuum manifold, with each well being used for a single release condition. Hepes-buffered saline was the carrier solution for all agents; each wash was 2 ml and required about 1 s. Sequential washes were applied at one per minute. After seven initial washes, all washes were collected and the tritium quantitated. At the end of each experiment, the filter paper was also collected and counted. The percent of radioactivity released at each wash was calculated as a fraction of the total amount of radioactivity recovered during an experiment (after baseline had been established). This total included residual counts on the filter paper and unreleased counts in the synaptosomes (after lysis). Total release percentages from the stimulus sample plus the two following samples were normalized to the maximum amount released in a given experiment. In the ex- CpM [3H]NE (11 Ci/mmol) for 10 min at 37°C in Hepes-buffered saline. Then, 1 ml of synaptosome suspension was placed on filters (Whatman glassmicrofiber filters; 0.7-pm pore size) in 10 parallel wells over a vacuum manifold, with each well being used for a single release condition. Hepes-buffered saline was the carrier solution for all agents; each wash was 2 ml and required about 1 s. Sequential washes were applied at one per minute. After seven initial washes, all washes were collected and the tritium quantitated. At the end of each experiment, the filter paper was also collected and counted. The percent of radioactivity released at each wash was calculated as a fraction of the total amount of radioactivity recovered during an experiment (after baseline had been established). This total included residual counts on the filter paper and unreleased counts in the synaptosomes (after lysis). Total release percentages from the stimulus sample plus the two following samples were normalized to the maximum amount released in a given experiment. In the ex- 17. The K+ depolarization did not nonspecifically damage the synaptosomes because the NMDA-induced release remained intact after this depolarization and the depolarization-induced release was Ca2+ dependent. 18. For a given experiment, multiple aliquots from the same batch of synaptosomes would release a relatively constant fraction of the available transmitter (15) . The variability originated primarily from batch to batch variation. any amino acid) and the "J" domain found in dnaJ proteins, which mediate the regulation of heat shock protein (hsp) 70 protein activity and thereby the assembly of multimeric protein complexes (5) . A csp homolog of Torpedo califomica (Tcsp) has been identified (6) that copurifies with synaptic vesicles (7). The inhibition of N-type Ca2+ channel activity by coinjection of Tcsp antisense mRNA into Xenopus oocytes suggests that Tcsp may be a regulatory subunit of Ca2+ channels (6) . We show that, in Drosophila, the Dcsp proteins are localized to synaptic terminals and that deletion of the csp gene interferes with synaptic transmission, causing paralysis and early death.
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